Protein phosphorylation is involved at multiple steps of RNA processing and in the regulation of protein expression. We present here the first identification of a serine/threonine kinase that possesses an RNP-type RNA recognition motif: KIS. We originally isolated KIS in a two-hybrid screen through its interaction with stathmin, a small phosphoprotein proposed to play a general role in the relay and integration of diverse intracellular signaling pathways. Determination of the primary sequence of KIS shows that it is formed by the juxtaposition of a kinase core with little homology to known kinases and a C-terminal domain that contains a characteristic RNA recognition motif with an intriguing homology to the C-terminal motif of the splicing factor U2AF. KIS produced in bacteria has an autophosphorylating activity and phosphorylates stathmin on serine residues. It also phosphorylates in vitro other classical substrates such as myelin basic protein and synapsin but not histones that inhibit its autophosphorylating activity. Immunofluorescence and biochemical analyses indicate that KIS overexpressed in HEK293 fibroblastic cells is partly targetted to the nucleus. Altogether, these results suggest the implication of KIS in the control of trafficking and/or splicing of RNAs probably through phosphorylation of associated factors.
Protein phosphorylation is involved at multiple steps of RNA processing and in the regulation of protein expression. We present here the first identification of a serine/threonine kinase that possesses an RNP-type RNA recognition motif: KIS. We originally isolated KIS in a two-hybrid screen through its interaction with stathmin, a small phosphoprotein proposed to play a general role in the relay and integration of diverse intracellular signaling pathways. Determination of the primary sequence of KIS shows that it is formed by the juxtaposition of a kinase core with little homology to known kinases and a C-terminal domain that contains a characteristic RNA recognition motif with an intriguing homology to the C-terminal motif of the splicing factor U2AF. KIS produced in bacteria has an autophosphorylating activity and phosphorylates stathmin on serine residues. It also phosphorylates in vitro other classical substrates such as myelin basic protein and synapsin but not histones that inhibit its autophosphorylating activity. Immunofluorescence and biochemical analyses indicate that KIS overexpressed in HEK293 fibroblastic cells is partly targetted to the nucleus. Altogether, these results suggest the implication of KIS in the control of trafficking and/or splicing of RNAs probably through phosphorylation of associated factors.
Evidence is growing that controls of RNA processing and translation are major mechanisms associated with the regulation of gene expression in eukaryotes. These controls involve numerous RNA-protein interactions mediated by protein domains that in most cases are characterized by specific sequence features (for reviews see Refs. [1] [2] [3] . Of these, RNA recognition motifs (RRMs) 1 are the best characterized. RRM domains are regions of about 80 amino acids containing several well conserved residues, some of which cluster into two short submotifs, RNP-1 (octamer) and RNP-2 (hexamer). One or more RRMs are found in a variety of RNA-binding proteins, and the identification within a sequence of an RRM is a strong indication that the function of this protein involves binding to RNA (2) .
Protein phosphorylation is another important aspect of the regulation of RNA processing; phosphorylation seems to be involved at multiple steps of RNA processing, most probably through various mechanisms. Spliceosome assembly has been shown to be inhibited by phosphatase 1 (4) . Following assembly the spliceosome activation requires dephosphorylation events (5, 6) . Different kinases have been proposed to be involved in these processes (see references in Ref. 7) . In the cytoplasm phosphorylation of eIF-2␣ (eukaryotic initiation factor 2 ␣-subunit) inhibits translational initiation of the majority of mRNAs (reviewed in Ref. 8) , whereas phosphorylation of eIF-4E (the smallest subunit of the cap-binding factor eIF-4F) correlates with enhanced translation (for review see Ref. 9) . In this context of growing evidence of the importance of phosphorylation in RNA processing, we present here the first complete identification and analysis of a serine/threonine kinase, KIS, that possesses an RRM. We initially identified KIS as a putative kinase interacting with stathmin in the twohybrid system. We therefore called this kinase KIS for "kinase interacting with stathmin" (10) . Stathmin is a small ubiquitous cytoplasmic heat soluble protein that is enriched in neurons. Its phosphorylation is highly regulated in correlation with very diverse cell regulations including neuronal differentiation, T cell activation, stress, and cell cycle progression (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . At least four serines of stathmin can be phosphorylated in vivo, and the same sites are in vitro substrates for a variety of kinases including cdks, PKA, Ca 2ϩ /calmodulin kinase, and mitogen-activated protein kinases (17, 20, 22) . We proposed that stathmin is involved as a general relay and integrator in intracellular signaling networks (23) , and in particular stathmin has recently been proposed to be a key regulator of microtubule dynamics (24, 25) .
We present here the complete sequence determination of rat KIS showing the presence of a characteristic RNA recognition motif. We further demonstrate and characterize the serine kinase activity of this protein and its cytoplasmic as well as nuclear localization when overexpressed in cultured cells. These results strongly indicate that KIS could be an important actor in the regulation of RNA processing through phosphorylation of associated factors.
EXPERIMENTAL PROCEDURES
cDNA Cloning, Sequencing, and Computer Analysis of Rat KISUsing the insert of the previously cloned mouse KIS cDNA (10) , a rat striatum library in lambda zap (Stratagene) was screened according to standard protocols (26) . A 1633-base pair EcoRI-SspI insert covering the entire reading frame of rat KIS was isolated from one of the cloned cDNAs (KR11, ϳ5000-base pair insert), reinserted into pBluescript previously restricted with EcoRI and EcoRV to yield clone BS-KR1, and sequenced on both strands using synthetic oligonucleotides (Genset) and the Sequenase version 2.0 DNA sequencing kit from Amersham Corp. The entire reading frame was confirmed by sequencing the same region on four other cloned cDNAs. The NBRF/PIR, SwissProt, GenBank, Prints, Prosite, Saccharomyces cerevisiae complete genomic, Caenorhabditis elegans genomic, and EST data bases were searched for homologous proteins using the BLAST and/or FASTA programs (27) .
In Situ Hybridization-Digoxygenin-labeled sense and antisense ri-* This work was supported by funds from INSERM, the Association Française contre les Myopathies, the Association pour la Recherche sur le Cancer, the Ligue Nationale Française Contre le Cancer, and the Fondation pour la Recherche Médicale. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 The abbreviations used are: RRM, RNA recognition motif; PKA, cAMP-dependent protein kinase; GST, glutathione S-transferase; eIF, eukaryotic initiation factor. boprobes were prepared using the BS-KR1 construct. In situ hybridization on embryos at 14 days of gestation was then performed using previously described procedures (28) .
GST-KIS Preparation and Phosphorylation Reactions-The complete KIS coding sequence was inserted into the prokaryotic GST fusion expression vector pGEX-KG that is derived from pGEX-2T (Pharmacia Biotech Inc.) by insertion of a 5-Gly linker in between the SmaI and EcoRI sites (kindly provided by F. Schweissguth, CNRS, France). GST-KIS was produced from a 100-ml overnight culture of transformed Xl1blue after induction with 0.4 mM isopropylthio-␤-galactoside for 1.5 h as described (29) . After purification on glutathione-Sepharose beads and elution with 500 l of a 40 mM reduced glutathione solution, the kinase solution was dialyzed against 20 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, and 1 mM EDTA and adjusted to 1 ml with glycerol before freezing at Ϫ80°C. Phosphorylation reactions were performed in 20 l containing 20 mM Tris-HCl, pH 7.5, 1 mM EGTA, 10 mM MgCl 2 , 1 mM dithiothreitol, using either 10 l of GST-KIS solution, 75 ng of the catalytic subunit of the PKA or 200 units of p34cdc2, 0.3-1 g of the different substrates, and 0.2 l of ␥-32 P-labeled ATP at 10 mCi/ml and 3000 Ci/mmol. PKA, histone mixture, and myelin basic protein were from Sigma. Stathmin was prepared as described previously (30) . p34cdc2 was a kind gift from Drs. M. Dorée and J. C. Labbé (INSERM U249, Montpellier, France). After 1 h at 30°C, reactions were stopped by adding SDS migration buffer, loaded on 13% acrylamide gel, and analyzed by autoradiography. For phosphoamino acid and phosphopeptide mapping, labeled proteins were excised and processed as described (17, 31) .
Antibody Production and Purification-Rabbits were immunized twice with 200 g of a synthetic peptide (CPLSAYKRGYLYQTLL) coupled to keyhole lympet hemocyanin; this peptide corresponds to the 15-amino acid C-terminal sequence of KIS with an additional cysteine for coupling. Serum C6 collected 7 weeks after the second injection was selected for purification. 2 ml of serum were loaded on a column made by coupling 500 g of peptide to 1 g of cyanogen bromide-activated Sepharose 4B; antibodies were eluted with 0.1 M glycine and then buffered with Tris-HCl to neutral pH.
Cell Transfections-The coding sequence of rat KIS was inserted into the mammalian expression vector pCEP4 (Invitrogen) to allow constitutive expression of KIS under the cytomegalovirus promoter, episomal replication, and hygromycin selection. HEK293 cells were cultured at 37°C in 5% CO 2 , in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (Life Technologies, Inc.) and 200 g/ml G418 (because the particular HEK293 cell line used (Invitrogen) possesses neomycin resistance). Transfections were performed with 10 5 cells in a 35-mm plate using 4 l of LipofectAMINE (Life Technologies, Inc.) and 2 g of pCEP4-KIS according to the manufacturers' recommendations. Cells were exposed to the transfection mix for 6 h and fixed for immunofluorescence 30 h post-transfection or further cultured in selecting medium containing 400 g/ml hygromycin. The medium was changed every 2 days for 2 weeks until an homogeneous hygromycin-resistant population was obtained; cells were then washed with phosphate-buffered saline and collected in SDS gel loading buffer for Western blot analysis.
SDS-Polyacrylamide Gel Electrophoresis and Western
Blotting-SDS-polyacrylamide gel electrophoresis was performed by standard methods (32) . After electrophoresis, Western blotting was carried out as described previously (33) with some modifications: transfer was performed in a buffer containing 48 mM Tris, 39 mM glycine, and 20% isopropanol. The nitrocellulose membrane was blocked for 1 h using 5% dry milk in 12 mM Tris-HCl, pH 7.4, 160 mM NaCl, 0.1% Triton X-100. The purified antibody was then added at a 1:20 dilution in blocking buffer with 1% milk. After overnight incubation the blot was washed FIG. 1. KIS mRNA expression in rat embryo. In situ hybridization was performed on embryos at 14 days of gestation using a digoxygeninlabeled riboprobe. KIS mRNA was mainly detected in the central nervous system and dorsal root ganglia. No labeling was observed when hybridizing with the sense probe as a control (not shown).
FIG. 2. Sequence analysis of KIS.
A, the putative amino acid sequence of rat KIS was translated from the sequence of its cDNA. The N-terminal kinase domain identified by sequence alignments with that of other kinases is boxed. Conserved characteristic kinase residues are white letters in black boxes. An asterisk indicates the possible regulatory tyrosine within the catalytic loop. The C-terminal RRM containing domain is in a shaded box with the RNP submotifs underlined. B, alignment of the C-terminal domain of KIS with that of human U2AF 65 . The RNP submotifs are boxed. (ϭ, conserved residues; -, homologous residues; *, characteristic residues for RRM domains (1, 3) outside the RNP submotifs localized according to Potashkin et al. (43) ). The common putative secondary structure of these domains, as predicted with the Chou and Fasman algorithm, is schematically indicated under the alignment. and probed with an appropriate horseradish peroxidase-conjugated secondary antibody (Dako) before development using ECL (Amersham Corp.).
Immunofluorescence Analysis-Phase contrast and immunofluorescence microscopy was performed using an Olympus Provis fluorescence microscope. Cells were fixed for 8 min with methanol at minus 20°C. After blocking in phosphate-buffered saline containing 3% bovine serum albumin, the purified anti-KIS antibody (1:10 dilution) was added for overnight incubation. After washes with 0.1% Tween 20 in phosphate-buffered saline, fluorescein-conjugated anti-rabbit secondary antibodies (Jackson Immunoresearch) were used to visualize the staining pattern. Hoechst 33258 stain (Molecular Probes) at 100 g/ml in water was used to visualize cell nuclei.
RESULTS
KIS cDNA Sequence Analysis-Using the partial mouse KIS cDNA previously found to encode a stathmin interacting domain in the two-hybrid system, we isolated a rat striatum cDNA covering the entire coding sequence of KIS mRNA, which by in situ hybridization experiments appeared to be expressed mainly in the developing nervous system (Fig. 1) . The translation initiation site was determined by the presence of a nonambiguous Kozak consensus sequence leading to the translation of a putative 419-amino acid protein ( Fig. 2A) . This open reading frame was confirmed by sequencing of a cDNA from a neonate mouse brain library that coded for the first 414 amino acids of mouse KIS with 99% amino acid identity with rat KIS. After release of our sequence in the EMBL data base, part of the same sequence encoding amino acids 21-419 has been identified in a two-hybrid screen for proteins interacting with peptidylglycine ␣-amidating monooxygenase (34) .
The N-terminal domain of KIS possesses the serine/threonine kinase characteristic conserved residues (35) and has actual kinase activity (see below). Alignments with protein kinase sequences shows that KIS does not belong to a previously defined subfamily of kinases.
Interestingly, the C-terminal domain of KIS showed 42% identity in a 98-amino acid overlap with the C-terminal RRM containing domain of hU2AF 65 , the mammalian 65-kDa subunit of the splicing factor U2AF (36) (Fig. 2B) . U2AF is known to specifically bind polypyrimidine tracts associated with 3Ј splice sites (see Ref. 7 for a review), and deletion of this RRM domain from a GST-hU2AF 65 fusion dramatically reduced its binding to RNA (36) .
The tertiary structures of RRM domains of U1-A (A polypeptide of the U1 snRNP) and of hnRNP C have been solved and were found to be very similar (reviewed in Ref. 2). They form a ␤␣␤␤␣␤ structure with a four-stranded antiparallel ␤ sheet separating the two ␣ helices on one side and an RNA interacting surface on the other side. Two RNP submotifs are localized in the central ␤1 and ␤3 strands and have conserved solvent exposed aromatic residues that are implicated in contacting RNA. Secondary structure predictions of the RRM domains of KIS and U2AF are consistent with this overall tertiary structure and location of the RNP submotifs (Fig. 2B) . Altogether the C-terminal domain of KIS appears to contain a bona fide RNA recognition motif showing a striking similarity to the C-terminal motif of U2AF 65 , including its specific features. Kinase Activity-To characterize the kinase activity of KIS, we produced a fusion protein with glutathione S-transferase in Escherichia coli (Fig. 3A) . GST-KIS has autophosphorylation activity and also phosphorylates stathmin on serine residues, thus showing that KIS is actually a serine kinase (Fig. 3, B and  C) . Surprisingly, comparison of the phosphopeptide maps obtained with stathmin phosphorylated by KIS, PKA, and p34cdc2 showed that KIS phosphorylates stathmin on a site different from those already known to be phosphorylated in vivo (17) (Fig. 3D) . This result was confirmed with phosphorylation site mutants of stathmin (not shown). Thus, this novel phosphorylation of stathmin might correspond to a particular regulatory role of stathmin in a cell type or cell situation that has not been explored until now.
We tested KIS specificity using various classical substrates. KIS could phosphorylate synapsin and myelin basic protein in vitro (Fig. 4A) . As expected, replacement of the active site lysine 54 with arginine (R 54 mutant form) totally suppressed its kinase activity. Interestingly, KIS could not phosphorylate histones (whereas PKA did in the same experiment), and even autophosphorylation of KIS was dramatically inhibited by histones but not by spermidine and polylysine (which like histones are basic molecules), suggesting a specific inhibition of KIS in the nucleus (see below). Further work is in progress to identify physiological substrates for KIS and corresponding regulations.
We also asked whether the C-terminal RRM-containing domain could regulate the kinase activity. As shown in Fig. 4B , a truncated form of KIS composed of residues 1-309 and lacking this C-terminal domain was still autophosphorylated, but this activity was reduced compared with that of full-length KIS, indicating a role for the C-terminal domain in activating the kinase. This experiment also showed that the residue (or one of the residues) that gets autophosphorylated is between residues 1 and 309.
KIS Expression Analysis-We raised an antibody against a C-terminal peptide and purified it on the peptide-coupled column. KIS, when overexpressed in fibroblastic HEK293 cells, was detected with this purified antibody by Western blot as a single ϳ50-kDa band, in agreement with its calculated molecular mass (46.5 kDa) (Fig. 5A, lane 2) . Although KIS could not be detected in tissue extracts probably because of its low expression, we recently identified a protein in HeLa cells with the expected molecular mass that was recognized by the purified antibody (Fig. 5A, lane 4) but not after preincubation with the peptide antigen (Fig. 5A, lane 5) . Cell fractionation showed that about 20% of the protein was in the nuclear extract of transfected HEK293 cells (Fig. 5B) . KIS could also be detected by immunofluorescence when highly expressed in transiently transfected HEK293 cells (Fig. 6) . Whereas most labeled cells displayed a damaged morphology, others displayed a speckled labeling corresponding to the nucleus, sometimes together with a homogeneous labeling in the cytoplasm. No labeling was observed when the purified serum was incubated with the peptide antigen. These results indicate that in these conditions of overexpression, KIS is partially targetted to the nucleus. DISCUSSION We previously identified a domain of KIS as interacting with stathmin in the two-hybrid system (10) . In the present work, we cloned a rat brain cDNA encoding the full-length protein.
We demonstrate the expression of the KIS gene, the actual kinase activity of KIS protein, and the presence of a C-terminal RNA recognition motif. These features together with the partial nuclear targetting of the overexpressed protein provide a strong indication for a role of KIS in the phosphorylation events involved in the regulation of RNA processing.
In situ hybridization on E14 embryos showed the preferential expression of KIS mRNA in nervous structures, suggesting a role for KIS in the developing nervous system, in agreement with previous Northern blot results (10) . Interestingly, this preferential expression fits also the expression profile of stathmin and related neuronal proteins potentially interacting with KIS (37) . Although the antibodies raised against a peptide of its C-terminal domain did not allow until now a direct detection of the KIS protein in tissues, they did recognize a protein with the expected molecular size in HeLa cells that could thus correspond to a particularly high expression of KIS in these cells. Antisera directed to other parts of the molecule should allow further and more direct characterization of the physiological expression of KIS in tissues and during development.
Sequence analysis indicates that KIS is a protein kinase because it displays all the conserved residues characteristic of protein kinases, but it does not belong to a defined subfamilly inasmuch the sequence of its catalytic core does not share a particular homology with another characterized kinase. Furthermore, KIS is the only kinase that possesses an RRM known so far, and as such it might be the first identified member of a novel kinase family. The in bacterio produced protein has actually autophosphorylating as well as serine kinase activity toward stathmin. Interestingly phosphorylation of stathmin is not on a site known to be phosphorylatable in vivo. This novel phosphorylation of stathmin might correspond to a particular regulatory function of this ubiquitous regulatory protein. Conversely, the interaction of stathmin with KIS might also reflect a regulatory action of stathmin on this enzyme.
In our in vitro phosphorylation conditions using the recombinant protein, KIS also phosphorylates other classical kinase substrates such as myelin basic protein and synapsin, indicating a weak substrate specificity. However, KIS could not phosphorylate histones, and even autophosphorylation was dramatically reduced in the presence of histones. This inhibition might reflect a physiological regulation of KIS, in agreement with its partial nuclear targetting when overexpressed in HEK293 cells. KIS might also be regulated through phosphorylation by other kinases. In particular the tyrosine residue in position 191 in the catalytic loop might correspond to the one that is implicated in the activation of mitogen-activated protein kinase. Thus phosphorylation of this residue could be necessary to get full activity of KIS. Further work is in progress to identify physiological substrates of KIS and regulatory secondary modifications or cofactors that could be involved in regulating its activity.
In particular, the C-terminal domain of KIS that contains the RNA recognition motif is probably involved in targetting and/or regulating the kinase activity. Accordingly, a mutant form of KIS in which the C-terminal domain has been removed has a weaker autophosphorylating activity in our in vitro phosphorylation conditions. The strong homology with the peculiar C-terminal RRM-containing domain of the splicing factor U2AF 65 is probably the result of duplication of a corresponding exon. Thus, the homology of these two domains probably reflects a conserved function. Together with the presence of an RRM motif, this specific homology with an RRM domain that has been shown to participate in RNA binding strongly indicates that the C-terminal domain of KIS interacts with RNA. The homology with U2AF suggests further that KIS could preferentially bind polypyrimidine tracts, whereas the presence of a single RRM (in contrast with the presence of multiple RRMs often found in RNA-binding proteins) suggests that the binding of KIS to RNA could require the previous binding to one or several cofactors.
Two previously identified kinases, which are interestingly both eIF-2 kinases and involved in protein expression controls, are thought to be regulated through interaction with RNA: 1) binding of the mammalian PKR to RNA is mediated by two conserved double-stranded RNA binding domains that are Nterminal to the kinase core (for review see Ref. 38) and 2) GCN2 from S. cerevisiae interacts with tRNA through a domain Cterminal to the kinase core that does not contain an RRM but shows sequence similarity to the histidyl-tRNA synthetases (39 -41) .
KIS differs strikingly from these two RNA-interacting kinases, because it possesses a very characteristic RRM and because it does not belong to the eIF-2 kinase family on the basis of sequence comparison (in particular it lacks homology to the consensus sequence LFIQME between kinase subdomains V and VI that seemingly characterizes the eIF-2 kinases and participates in substrate binding (42)). Furthermore, its particular nuclear as well as cytoplasmic expression suggest that KIS function involves the phosphorylation of nuclear or shuttling components of the RNA processing machinery. This potential involvement of KIS in trafficking and/or RNA processing will be further investigated, as well as its interactions with stathmin and other putative partners such as peptidylglycine ␣-amidating monooxygenase (34) , which might reflect different actions of KIS in cell regulations.
